Abstract: It is well known that the peripheral nervous system has a good potential for regeneration. The aim of this study was to explore the effects of vitamin B therapy (with a complex of vitamins B1, B2, B3, B5, B6, and B12) on motor nerve recovery after femoral nerve injury. Our study was conducted on an experimental animal model of femoral nerve injury in rats. All animals used in the experiment were subjected to the same set of analyses. A behavior test was used for the assessment of motor function recovery. Body weight was measured and electromyography was performed in order to assess recovery of quadriceps muscle. Samples of muscles and nerves were used for counting nuclei and determining nuclear density. The results of this study showed enhanced functional recovery, including improved walking, a decreased level of muscle atrophy and better electromyography recovery after administration of vitamin B complex. Further, after 14 days of treatment with the vitamin B complex nuclear nerve and muscle density was significantly lowered. In conclusion, using a model of femoral nerve injury we demonstrated that the application of vitamin B complex improved recovery of motor nerve in rats.
INTRODUCTION
The incidence of peripheral nerve injury (PNI) in developed countries is around 20 (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) /100000 per year [1] . The consequences of PNI include partial or complete loss of motor, sensory and autonomous function of the severed part of the body. The gold standard for the treatment of PNI is primary surgical reconstruction (neurorrhaphy). After the wound heals, patients are usually referred for physical therapy (which includes different types of exercises, electrotherapy, ultrasound therapy, etc.) to achieve the best possible reinnervation. The clinical outcome of motor function recovery (MFR) in adults is often disappointing (unlike sensory, which usually achieves a good degree of recovery) [2] . It is estimated that only 50% of patients with PNI achieve good functional motor recovery, and that only 10% achieve complete (or almost complete) recovery of motor function [3, 4] . Well known factors that limit MFR are age, proximity of injury (the more proximal, the worse the prognosis), type of injury (sharp, blunt, avulsion, conquasation), complexity of injury, timing and method of treatment. As a consequence of any severe injury of peripheral nerves, the predictable proximal and distal (Wallerian) axonal degeneration occurs. The processes of axonal degeneration and myelin sheath disintegration start within 24-48 h in rats [5, 6] and within several days in humans [7, 8] . Schwann cells assume a dual role of degradation of myelin and axonal debris, and they proliferate within the basal lamina of the remaining endoneurial connective tissue sheath. As they proliferate they become densely packed in longitudinal rows (bands of Bűngner) and become ready to accept regrowing axon buds and remyelinate the advancing regenerating axons [9] . Therapeutic treatments that improve axonal regeneration could improve functional recovery. It was shown that administration of different vitamins of B complex had a prophylactically and therapeutically positive effect on peripheral nerve regeneration. These effects are manifested in reducing Schwann cell atrophy and disintegration of the myelin sheath and reducing axonal degeneration [10, 11] . Nerve conduction velocity and axonal outgrowth also showed increased rates when rats were treated with vitamin B complex (B1, B6, B12) [12] . Our study was undertaken to investigate the relation between the effect of vitamin B complex (B1, B2, B3, B5, B6, B12) on motor nerve regeneration and muscle function.
MATERIALS AND METHODS

Experimental animals
A total of 48 adult male Albino Oxford (AO) rats, weighing between 250 and 300 g, were used in the experiments. The animals were randomly divided into three groups (4 per group). The first group comprised "operated animals" (O), in which transection of the motor branch of the femoral nerve was performed with immediate reconstruction using a technique of termino-terminal anastomosis. The second group (OT) included animals that were surgically treated in the same way but additionally receiving vitamin B complex therapy. The third group included "sham operated" animals (S), which underwent the same procedure (dissection of the motor branch of the femoral nerve), but without transection of the nerve. All groups were examined 1, 3, 7 and 14 days after injury.
All animals used in the experiment were subjected to the same set of analyses. Before killing, a behavior test was used to assess motor function recovery (walking test). Body weight was measured and electromyography (EMG) was performed in order to assess recovery of the quadriceps muscle. Subsequently, motor branches of the femoral nerve (both reconstructed and intact contralateral) and quadriceps muscles (muscle innervated by an "operated", reconstructed nerve, and muscle innervated by an intact contralateral nerve) were isolated. Muscle mass was also measured. Isolated nerves and muscles were further used for histological analysis. The rats were killed by intravenous injection of ketamine/xylazine in a lethal dose. All procedures were done in accordance with the Guide for the Care and Use of Laboratory Animals. Controlled transection of the peripheral nerve is a well-described model for the examination of peripheral nerve regeneration. Animals aged between 2.5 and 3 months were anesthetized by intraperitoneal application of ketamine (50 mg/kg; Ketalar, Eczacibasi, Turkey) and xylazine (5 mg/kg; Rompun, Bayer, Turkey). Following anesthesia, the animals were positioned and identification of the motor branch of the femoral nerve of the left back leg of the rat was done through skin incision in the left groin and femoral region under aseptic conditions. The motor branch was identified just before entry in the quadriceps muscle. Using microscope magnification, transection of the branch was done and immediate reconstruction performed using a 10-0 non-absorbable suture in the form of termino-terminal anastomosis. The skin was sutured using 4-0 absorbable suture (Peters Surgical, Paris, France).
Vitamin B complex administration
Treatment with vitamin B complex (Beviplex®, Galenika a.d. Belgrade, Serbia) was investigated. Each ampoule of Beviplex (2ml) contains B1 (40mg), B2 (4mg), B3 (100mg), B5 (10mg), B6 (8mg) and B12 (4µg). The dose was 1.85 ml/kg/day. Vitamin B complex was injected intraperitoneally immediately after the operation and every morning from the day of the operation until the day of sacrifice.
Behavioral test
To assess motor function recovery, a behavioral test (walking test) was used [13] . Injury of the mo-tor branch of the femoral nerve causes a deficit of knee extension and lack of support of body mass during walking, which is necessary for the uplift of the contralateral leg. To assess this deficit, animals were filmed from behind while walking. The deficit is manifested as an internal rotation of the foot of the injured leg during bearing (opposite to external rotation of the uninjured leg). The angle is formed by the vertical line that passes through the foot longitudinally and the horizontal line of the bearing surface (inner angle). This angle represents the parameter used to assess walking abnormality. The angle is measured when toes detach from the walking surface and the foot is parallel to the transverse plane surface. Values of the angle were measured using Adobe Photoshop CS6 program (Adobe Systems Inc, San Jose, CA, USA).
Assessment of muscle atrophy
After the animal were killed, muscles were isolated from injured and non-injured legs and their mass was measured. The muscle atrophy was calculated as the percentage of body atrophy ([mass of contralateral muscle -mass of injured muscle]/body mass x 100).
Electrophysiological assessment of recovery
Electromyography (EMG) is a diagnostic method for the assessment of motor function of the muscle, and, indirectly, of the motor nerve that innervates the muscle. The EMG device used was an Animal & Human Physiology Transducer kit (iWorx/CBScience Inc, Washington Center, USA). EMG measurements were performed on the 1 st , 3 rd , 7 th and 14 th days after injury/reconstruction. Animals were anesthetized and positioned as described above. An electrode for electrical grounding was applied to the right back leg. Both injured and contralateral nerve and muscle were dissected using the same technique and magnification. The motor branch of the femoral nerve was stimulated distal to the site of injury/reconstruction using a stimulatory electrode; muscle activity (action potentials) was measured by a monopolar electrode applied to the muscle itself. The EMG percentage was calculated as the percentage of EMG activity in the contralateral muscle (EMG of injured muscle/EMG of contralateral muscle x 100).
Determining nerve nuclear density of quadriceps muscle and femoral nerve
Samples of muscles and nerves for histological evaluation were prepared and stained using hematoxylin and eosin (H&E) (Laboratory for Pathohistology and Cytology HistoLab, Belgrade). Samples of muscles and nerves were examined under the microscope (Leica, Solms, Germany) and photographed under 40x magnification. ImageJ was used to count nuclei and determine nuclear density (nuclei/mm 2 ) (National Institutes of Health, Bethesda, Maryland, USA).
Statistical analysis
Group mean values were compared using a two-sided Student's t-test for independent samples. The accepted level of significance was 5%. Values are shown as mean values with standard deviation (SD).
RESULTS
Single-frame motion analysis
Both groups with severed nerves had a significant increase in the foot-base angle immediately after injury and steady improvement over time ( Fig. 1 A and  B) . The highest values of foot-base angle were found on the first day post injury (110.7±3.1 and 109.8±3.4 degrees for operated, untreated (O) and operated animals treated with vitamin B complex (OT), respectively). There was a highly statistically significant difference for both groups compared to the non-operated (S) animals (74.0±5.6), with no significant difference between O and OT animals. Both groups showed a decrease in the values of the angle over time (3 rd Fig. 2 A shows muscle atrophy after femoral nerve transection and reconstruction. There was no muscle atrophy in either O or OT group on the 1 st and 3 rd day after injury (data not shown). Seven days after injury, the quadriceps muscle in both operated groups (O and OT) showed a significant degree of muscle atrophy (0.21±0.03 and 0.17±0.04, respectively) compared to the S group. However, there was no significant difference in muscle mass between the two operated groups (O and OT). Fourteen days after injury, a progression of muscle atrophy was seen (0.37±0.07 and 0.33±0.09 for O and OT group, respectively) in comparison to the O and OT groups at postoperative day 7. Still, there was no significant difference between the O and OT groups.
Quadriceps muscle mass
Quadriceps EMG activity
Compared to the contralateral muscle, quadriceps EMG activity decreased significantly immediately after injury in both operated groups (7.67±3.84 for O and 6.52±1.83 for the OT group on day 1 after injury) with no significant difference between the operated groups (Fig. 2 B) . These values increased on day 3 with a statistically significant difference between the operated groups (18.66±4.70 for O, 31.84±5.89 for OT). There was decrease in EMG values on the 7 th day post injury (6.07±0.80 for O, 9.79±1.48 for OT), followed by a significant increase on day 14 (28.60±2.49 for O, 41.37±5.47 for OT). Treatment with vitamin B complex induced a statistically significant increase in EMG activity at all investigated time points post injury, except on day 1. Fig. 3 shows the nuclear densities of operated femoral nerves after injury. Both operated groups (O and OT) displayed a significant increase in nerve nuclear density when compared to the S group (2512.2±334. th and 1581.4±277.5 for the 14 th day). The increase in nuclear density in the OT group was less than in the O group, particularly on the 3 rd and 14 th postoperative days (Fig. 3A) . At Figure 3B micrographs of H&E stained femoral nerve transverse sections 3 and 14 days after the injury are presented.
Nerve nuclear density
Muscle nuclear density
Nuclear densities of operated quadriceps muscles during investigated period were shown in Fig. 4 . There was no significant increase in muscle nuclear density between O, OT, and S groups (722.1±74.8, 742.0±121.6 and 764.9±67.7, respectively) on the 1 st day following the injury. Significant increase of muscle nuclear density between operated animals (groups O and OT) and S group was found on day three (1214.6 ±128.6 and 1215.7±115.7 for O and OT groups, and 865.3±73.4 for the S group), but there was no difference between O and OT group. Compared to postoperative day 3, an insignificant decrease in nuclear density was found in both operated groups on day 7 (1135.4±97.1 in group O and 1109.9±153.8 in OT group). On the 14 th day, muscle nuclear density considerable increased in the O group (1594.4±265.2) compared to the OT (1114.5±86.1) and S (810.0±47.3) groups, which retained a similar nuclear density as on the 7 th day (Fig. 4A) . Micrographs of quadriceps muscle transverse sections 14 days after injury, stained with H&E, are shown in Fig. 4B .
DISCUSSION
This study demonstrated that intraperitoneal administration of vitamin B complex during the immediate post-injury period resulted in better recovery of quadriceps muscle function after transection of the motor branch of the femoral nerve and end-to-end anastomosis in rats. Using single-frame analysis (walking test), measurement of muscle atrophy, EMG activity, and nerve and muscle nuclear density we have shown that treatment with vitamin B complex improved functional recovery of the peripheral nerve after injury. Both operated groups (O and OT) showed a significant increase in foot-base angle compared to the S group. This is the result of the impaired function of the quadriceps muscle, which is the sole extensor of the knee joint. Similar to humans, this leads to an inability to bear body weight during the single-support phases required for the swing of the contralateral leg during walking. Increased body-weight load in the stance phase causes abnormal bending in the knee joint, lifting of the heel and internal rotation of the paw [14] . A steady decrease in the foot-base angle was noticed during the first 14 days following injury, which is in correlation with the incipient recovery of quadriceps function. The foot-base angle decreased more in the group of animals treated with vitamin B complex than in untreated group, and this difference was statistically significant at the 14 th day after the injury. These results imply that muscle function recovers faster with vitamin B complex therapy as a result of improved recovery of the motor nerve after transection and reconstruction. The obtained data are in correlation with other literature results that showed improved muscle function recovery under vitamin B12 therapy after ulnar to musculocutaneous nerve transfer [15] .
The first significant changes in muscle mass, as regards both operated groups, were seen seven days after injury with progressive atrophy until the 14 th day. However, there was no statistically significant difference between the operated groups, although the loss in muscle mass was lower in animals treated with vitamin B complex. This finding can be explained by the fact that denervated muscle needs time to express changes that will lead to atrophy of its muscle fibers, and eventually lead to a reduction in muscle mass. As it is known, atrophy is caused by a decreased level of transcription and translation in affected muscle. Decreased levels of synthesis and increased levels of degradation of myofibrillar proteins lead to decreased muscle mass [16, 17] . Recovery of muscle mass can approach pre-operative values even when the number of regenerating axons is lower than normal, because each regenerating axon can reinnervate as many as 4-5 times the normal number of muscle fibers to compensate for the reduced numbers of axons that succeed in reaching the denervated muscle [18] .
Electrodiagnostic studies provide objective and quantitative means of evaluating muscle function. Direct comparison of compound muscle action potentials can be useful in assessing differences in extent of nerve regeneration [19] . It is well known that injured axons retain some degree of conductivity a few days after injury, until they undergo degeneration. Motor axons remain excitable for up to 7 days after injury [17] . Our results are in correlation with previous literature data as the lowest levels of EMG (compared to the uninjured side) were found on the 7 th day after injury [17] . An increase in EMG values is shown on the 14 th postoperative day, with a significant difference between the treated and untreated groups. According to literature data, vitamin B12 therapy can improve the process of nerve regeneration through the promotion of axonal transport and regeneration [20] [21] [22] . Therefore, the increased EMG activity seen in the treated group can be partially explained by the effects of B12 and other B vitamins of the complex. In addition, this treatment facilitates the development and maturation of the neuromuscular junction [23] [24] [25] and accelerates the myelination of peripheral axons in rats [20] [21] [22] . Moreover, it was shown that the administration of vitamin B complex increases nerve conduction velocity and axonal outgrowth in acrylamide-induced neuropathy in rats [11, 12] .
The nuclear density of the femoral nerve distal to the injury site increased significantly in the days after the injury. This result is in correlation with previously published articles about the peripheral nerve response to injury [26] . Femoral nerve nuclear density was increased in both operated groups (O and OT) when compared to the S group at all time-points following the injury. The most pronounced difference in femoral nerve nuclear density between the O and OT groups was found on the 3 rd and 14 th postoperative days. Liao et al. [15] showed that most of the nuclei in reconstructed nerve 30 days after the injury represented Schwann cells, while macrophages were less abundant. On the other hand, the peak of macrophage infiltration happens from the 3 rd to 7 th post-injury days. It is known from literature data that antiinflammatory drug therapy has a role in improvement of nerve regeneration after peripheral nerve [15] and spinal cord injury [27] . We may presume that the noted decrease in nuclear nerve density after the application of vitamin B complex after the injury may also be a consequence of lowered levels of inflammation. Further, we may assume that vitamin B complex therapy lowered the level of Schwann cells dedifferentiation and myelin degradation. Consequently, the lower level of Schwann cell proliferation may result in lower femoral nerve nuclear density. With this in mind, future studies need to investigate which cells populations decrease after treatment with vitamin B complex.
Muscle nuclear density showed a similar trend of changes. There was a significant increase of muscle nuclear density in muscle innervated with an injured nerve compared to muscle innervated with an uninjured nerve. The peak of this increase was obtained on day 14, when a significant difference in muscle nuclear density was detected between OT and O animals, with lower values of muscle nuclear density in the treated group, which is in correlation with obtained results for nerve cellular density. Denervated muscle shows a compensatory myogenic response in forming new muscle fibers from satellite cells on the surfaces of muscle fibers have undergone some degree of atrophy (parent cells) or within the spaces surrounded by the basal laminae of dead muscle fibers [28] . Lower levels of muscle nuclear density may suggest that a smaller number of denervated muscle fibers underwent atrophy or cell death after treatment with vitamin B complex. Thus, there is decreased compensatory myogenic response, which leads to decreased muscle nuclear density. Improvement in nerve-regenerating processes also reduces muscle nuclear density by shortening the denervation period of the muscle and thus shortening the time in which a compensatory myogenic response can occur.
In conclusion, the results of this study indicate that treatment with vitamin B complex immediately after injury and reconstruction of the peripheral motor nerve improves recovery of the injured nerve in rats. In humans, nerve repair is compromised by delayed treatment, the long distance between injury site and target organ, higher rates of inflammation, associated injuries and a higher possibility of infection. Therefore, the effect of vitamin B complex therapy after peripheral nerve injury in humans remains to be explored.
